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HIGHLIGHTS 


►  VC  was  an  effective  SEI  modification  additive  for  MFA-based  electrolyte. 

►  Higher  VC  concentration  was  needed  at  elevated  temperature. 

►  At  60  °C,  graphite  in  MFA  +  VC  electrolyte  showed  outstanding  cycling  performance. 

►  MFA  +  VC  electrolyte  was  a  promising  electrolyte  for  safer  Li-ion  batteries. 
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Rapid  capacity  fading  of  a  graphite  electrode  was  obtained  with  LiPFf,/MFA  electrolyte  due  to  poor 
properties  of  solid  electrolyte  interphase  (SEI).  Vinylene  carbonate  (VC)  was  therefore  applied  to  the 
MFA-based  electrolyte  as  an  SEI  modification  additive.  The  effects  of  VC  concentration  on  the  electro¬ 
chemical  properties  of  the  graphite/Li  half-cell  were  investigated  at  25  and  60  °C.  At  25  °C,  the  graphite 
electrode  in  MFA  +1%  VC-based  electrolyte  showed  good  capacity  retention  of  300  mA  h  g  1  after  50 
cycles,  which  was  comparable  with  that  in  EC-DMC-based  electrolyte;  at  60  °C,  the  electrode  in 
MFA  +  3%  VC-based  electrolyte  showed  capacity  retention  of  240  mA  h  g_1  after  50  cycles,  which  was 
much  better  than  that  in  EC-DMC-based  electrolyte.  Overabundant  VC  additives  showed  negative  effects 
because  of  the  formation  of  too-thick  and/or  too-dense  SEI.  DSC  measurements  were  carried  out  to  study 
the  thermal  behavior  of  MFA-based  electrolyte  coexisting  with  lithiated  graphite.  VC-containing  MFA- 
based  electrolyte  still  showed  much  better  thermal  stability  than  EC-DMC-based  electrolyte.  TG— MS 
analysis  was  performed  on  delithiated  graphite  cycled  in  MFA-based  electrolyte  containing  different 
VC  concentrations  to  analyze  VC’s  effect  on  SEI  formation.  In  summary,  VC-added  MFA-based  electrolyte 
was  a  promising  electrolyte  for  the  development  of  safer  Li-ion  batteries,  especially  at  elevated 
temperature. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  Li-ion  batteries  have  been  widely  developed  in 
various  commercial  fields,  and  seem  to  be  excellent  candidates  for 
energy  storage  systems  of  electric  vehicles  and  grid  applications. 
However,  the  potential  safety  problems  of  Li-ion  batteries  become 
an  obstacle  to  their  practical  application  in  large-scale  batteries. 
With  the  scaling-up  of  batteries,  the  reduction  of  specific  surface 
areas  reduces  the  thermal  dissipation  rate.  As  heat  accumulates  in 
large-scale  batteries,  the  thermal  risk  becomes  much  more  serious 
than  in  normal  batteries.  Therefore,  the  control  of  heat  generation 
becomes  crucial  to  the  design  of  safer  batteries  for  large-scale 
devices. 
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Heat  generation  in  a  battery  depends  strongly  on  its  compo¬ 
nents.  Nowadays  the  most  common  electrolyte  for  Li-ion  batteries 
is  a  solution  of  LiPFg  salt  dissolved  in  a  mixture  of  alkyl  carbonate 
solvents.  The  application  of  flammable  organic  solvent  had  been 
considered  one  of  the  primary  reasons  for  the  failure  of  the  batte¬ 
ries  in  terms  of  safety.  Many  studies  have  been  carried  out  about 
flame-retardant  additives  and  co-solvents  [1—3],  However,  it  was 
found  recently  that  nonflammable  organic  electrolytes  also  could 
induce  fire  hazards  of  batteries  [4],  Therefore,  the  most  important 
characteristic  for  a  safe  battery  electrolyte  is  good  thermal  stability 
at  high  temperature,  instead  of  nonflammability. 

Many  of  the  fluorine-containing  organic  compounds  have  high 
thermal  stability  and  quite  unique  properties.  Some  fluorinated 
organic  solvents  have  been  used  as  potential  solvents  or  co¬ 
solvents  for  electrolytes  [5-10].  Our  group  had  dissolved  LiPF6 
salt  in  several  kinds  of  partially  fluorinated  carboxylic  acid  esters 
and  obtained  fluorinated  ester  electrolytes  [11],  Among  them, 
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methyl  difluoroacetate  (CHF2COOCH3,  MFA)-based  electrolyte 
showed  the  best  electrochemical  properties  and  the  highest  ther¬ 
mal  stability  coexisting  with  Li  metal.  Moreover,  1  mol  dm”3  LiPF6/ 
MFA  electrolyte  showed  a  higher  ionic  conductivity  than  com¬ 
mercial  1  mol  dm  3  LiPFg/ethylene  carbonate  (EC)— dimethyl  car¬ 
bonate  (DMC)  electrolyte  from  -30  to  25  °C  [12],  Therefore, 
1  mol  dm”3  LiPFe/MFA  electrolyte  was  applied  to  carbon  negative 
electrodes  and  the  relative  properties  were  investigated  in  detail 
[13],  Compared  with  commercial  1  mol  dm”3  LiPF6/EC-DMC 
electrolyte,  MFA-based  electrolyte  showed  better  thermal  stabil¬ 
ity  when  it  was  mixed  with  lithiated  carbon  electrodes.  However, 
due  to  the  formation  of  a  thick  solid  electrolyte  interphase  (SEI)  on 
the  carbon  electrode  surface,  the  reversible  capacity  obtained  with 
MFA-based  electrolyte  was  lower  than  that  with  the  LiPF6/EC-DMC 
electrolyte.  This  phenomenon  became  more  serious  in  subsequent 
experiments.  As  partially  fluorinated  carboxylic  acid  ester  had  been 
reported  to  be  rather  unstable  against  the  electrochemical  reduc¬ 
tion  [5],  the  SEI  formed  with  the  LiPF6/MFA  electrolyte  was  sus¬ 
pected  to  have  poor  quality  and  to  be  unable  to  prevent 
a  continuous  reduction  of  MFA  solvent  during  Li  ion  intercalation. 
Therefore,  an  SEI  with  a  good  passivation  effect  is  necessary  when 
MFA  is  applied  as  a  bulk  electrolyte  solvent. 

Vinylene  carbonate  (VC)  is  a  highly  strained  cyclic  alkyl  carbon¬ 
ate  with  a  polymerizable  vinyl  functionality  [  14],  Because  of  its  high 
reduction  potential  of  1.4  V  [15]  vs.  Li/Li+,  VC  can  be  reduced  to  form 
an  effective  passivation  film  on  the  negative  electrode  surface  before 
the  bulk  electrolyte  components  are  involved  [16],  Its  marked  effect 
on  SEI  modification  had  been  demonstrated  in  many  kinds  of  elec¬ 
trolyte  [4,17—21],  It  was  reported  that  a  small  concentration  of  VC 
effectively  improved  the  poor  compatibility  between  the  graphite 
electrode  and  propylene  carbonate  (PC)-based  electrolyte  [15,22],  In 
EC/linear  carbonate-based  electrolyte,  VC  also  showed  good  prop¬ 
erties,  especially  at  elevated  temperature  [23—25]. 

Our  group  reported  [26]  that  adding  VC  to  LiPFg/MFA  electrolyte 
improved  a  cell’s  cycling  performance  greatly  and  showed  little 
negative  effect  on  the  thermal  stability  of  the  LiPFg/MFA  electrolyte. 
To  clarify  the  beneficial  role  of  the  VC  additive  on  LiPF6/MFA  elec¬ 
trolyte,  detailed  studies  on  the  effect  of  VC  are  still  needed.  In  the 
present  work,  the  effects  of  different  concentrations  of  VC  additives 
on  the  electrochemical  properties  of  the  MFA-based  electrolyte 
were  studied  by  charge/discharge  measurements  at  25  and  60  °C. 
Moreover,  a  thermogravimetry-differential  scanning  calorimeter 
(TG-DSC)  and  a  thermogravimetry-differential  thermal  analyzer 
combined  with  mass  spectrometer  (TG— DTA/MS)  were  used  to 
study  the  thermal  behavior  of  graphite  electrode  cycled  in  MFA  /VC- 
based  electrolyte  at  room  and  elevated  temperatures.  The  effect  of 
VC  on  SEI  formation  in  MFA  electrolyte  was  then  investigated. 

2.  Experimental 

MFA  solvent  (Daikin  Fine  Chemical  Co.  Ltd.)  was  used  after  being 
dehydrated  by  a  molecular  sieve  3  A  1/8  in  this  work.  When  addi¬ 
tive  was  needed  for  the  electrolyte,  1, 3,  and  5  vol.%  VC  (Mitsubishi 
Chemical)  was  added  to  the  MFA  solvent.  LiPFg  salt  was  purchased 
from  Stella  Chemifa  Corp.  1  mol  dm”3  LiPFg  electrolyte  was  pre¬ 
pared  by  dissolving  LiPFg  salt  in  the  MFA  solvent  or  in  the  VC-added 
MFA  solvent.  The  water  content  of  the  electrolyte  was  30  ppm  or 
less  as  estimated  by  the  Karl  Fischer  method  (CA100,  Mitsubishi 
Chemical).  For  comparison,  commercially  available  1  mol  dm”3 
LiPFg/EC— DMC  (1:1  vol.,  Tomiyama  Chemicals)  electrolyte  was  also 
used.  To  protect  from  oxygen  and  moisture,  all  samples  were  pre¬ 
pared  in  an  Ar-filled  glove  box  with  a  dew  point  below  -70  °C. 

Two-electrode  half-cells  (R2032)  were  used  to  evaluate  the  elec¬ 
trochemical  properties  of  the  electrolytes.  Each  cell  consisted  of 
a  graphite  working  electrode,  a  polypropylene  separator  (Celgard 


3501,  Celgard  LLC),  and  a  lithium  foil  as  a  counter  electrode.  To  make 
a  slurry,  95  wt.%  natural  graphite  (LF-18D,  Chuetsu  Graphite)  and 
5  wt.%  polyvinylidene  fluoride  (PVdF)  binder  (KF#9100,  Kureha  Corp.) 
were  dispersed  in  l-methyl-2-pyrrolidinone  (NMP).  Working  elec¬ 
trodes  were  prepared  by  spreading  the  slurry  onto  a  0.1-mm-thick 
porous  Cu-foil  current  collector.  Circular  electrodes  ( 15  mm  diameter) 
with  a  thickness  of 38— 42  pm  and  typical  loading  of  6  mg  cm”2  active 
material  were  dried  at  120  °C  for  12  h  in  a  vacuum  oven. 

Electrochemical  measurements  were  carried  out  in  a  constant 
temperature  oven  at  25  or  60  °C.  With  MFA-based  electrolytes,  all 
cells  were  cycled  between  10  and  2000  mV  at  a  constant  current 
density  of  0.2  mA  cm”2  (about  0.1  C  rate),  accompanied  by  3  h  of 
constant  voltage  charging  at  10  mV  during  each  cycle.  For  the  cells 
with  EC/DMC-based  electrolyte,  the  constant  voltage  charging 
process  was  omitted.  A  relaxation  period  of  60  min  followed  each 
charge/discharge  course  for  all  cells.  To  get  a  delithiated  graphite 
electrode,  the  cycling  procedure  was  interrupted  at  a  2000  mV 
cutoff  voltage  after  two  cycles.  To  get  a  lithiated  graphite  electrode, 
the  cycling  procedure  was  interrupted  at  a  10  mV  cutoff  voltage 
after  two  cycles.  All  potentials  reported  in  this  work  were  refer¬ 
enced  to  the  Li/Li+  redox  couple. 

For  thermal  analysis,  the  pre-cycled  graphite/Li  half-cell  was 
disassembled  in  the  Ar-filled  glove  box.  The  graphite  electrode  was 
rinsed  and  soaked  in  MFA  or  DMC  solvent  for  4  h  and  vacuum-dried 
at  room  temperature  for  12  h.  Most  of  the  low-molecular-weight 
components  were  dissolved  away  from  the  electrode  in  the  rins¬ 
ing  step  and  evacuated  during  vacuum  drying.  The  electrode 
powder  was  then  removed  from  the  Cu  current  collector.  For  DSC 
analysis,  the  electrode  powder  was  hermetically  sealed  in  a  stain¬ 
less-steel  pan  together  with  some  amount  of  correlative  electro¬ 
lyte.  The  temperature  profile  from  room  temperature  to  550  °C  was 
obtained  by  a  Thermo  Plus  TG-DSC  8230L  system  (Rigaku  Corp.)  at 
a  heating  rate  of  5  °C  min”1.  During  measurement,  the  TG  signal 
was  monitored  simultaneously  to  confirm  that  the  pan  was  her¬ 
metic.  For  TG-MS  analysis,  a  Rigaku  8210H/5050AW  TG-DTA/MS 
system  was  employed.  Each  sample  was  packed  into  a  stainless 
steel  pan  and  transferred  into  a  TG  chamber  located  in  the  glove 
box.  As  the  temperature  was  increased  to  700  °C  at  a  rate  of 
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Fig.  1.  The  charge/discharge  curves  of  graphite/Li  half-cells  with  1  mol  dm3  LiPF6/ 
MFA  electrolyte  over  the  initial  two  cycles  at  different  temperatures. 
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5  °C  min  1  under  helium  flow,  the  gaseous  species  released  from 
the  sample  were  monitored  by  MS. 

3.  Results  and  discussion 

The  electrochemical  performance  of  MFA-based  electrolyte  was 
investigated  before  VC  was  added.  Fig.  1  shows  the  charge/dis¬ 
charge  curves  of  C/Li  half-cells  with  1  mol  dm-3  LiPFg/MFA  over  the 
initial  two  cycles  at  different  temperatures.  When  the  ambient 
temperature  was  set  at  25  °C,  the  half-cell  showed  electrochemical 
behavior  similar  to  that  in  our  previous  report  [26],  A  thick  SEI  was 
formed  due  to  MFA  decomposition  and  induced  a  large  irreversible 
capacity  of  130  mA  h  g-1.  When  the  ambient  temperature  was  set  at 
60  °C,  the  irreversible  capacity  increased  sharply  to  430  mA  h  g  ’. 
In  addition,  a  voltage  reversion  was  observed  at  around  1.3  V  during 
the  first  charge  step.  This  indicated  that  a  much  thicker  SEI  was 
formed  at  elevated  temperature,  which  drastically  increased  the 
interfacial  resistance  of  graphite  electrode  and  blocked  Li  ion 
transfer.  This  phenomenon  also  affected  the  cycling  performance  of 
the  half-cells.  For  the  cells  at  25  °C,  the  cycling  efficiency  reached 
96%  in  the  second  cycle.  For  the  cells  at  60  °C,  however,  22  cycles 
were  needed  to  arrive  at  the  same  value,  which  means  a  much 
slower  increase  in  cycling  efficiency.  Obviously,  at  elevated  tem¬ 
perature,  the  formation  of  stable  SEI  was  prolonged  to  several  tens 
of  cycles,  and  a  much  thicker  SEI  was  formed.  Therefore,  an  SEI 
modification  additive  was  necessary  for  MFA-based  electrolyte, 
especially  at  elevated  temperature. 


MFA  +  VC  electrolyte  over  the  initial  two  cycles  at  25  °C 


VC  additives  have  been  shown  to  improve  the  cycling  perfor¬ 
mance  of  MFA-based  electrolyte  [26],  However,  the  effect  of  VC 
concentration  on  the  improvement  is  still  a  question.  Fig.  2  shows 
the  variations  of  the  charge/discharge  curves  of  C/Li  half-cells 
over  the  initial  two  cycles  in  relation  to  the  VC  concentration  at 
25  °C.  In  summary,  the  application  of  VC  additives  significantly 
decreased  the  irreversible  capacity  during  the  first  cycle,  so  larger 
reversible  capacity  was  obtained.  Moreover,  several  voltage  pla¬ 
teaus  appeared  in  the  curves  regardless  of  the  VC  concentration, 
indicating  that  the  SEI  formed  with  VC  additives  had  good  Li  ion 
conductivity,  and  that  effective  Li  ion  intercalation  into  graphite 
could  be  performed.  On  the  other  hand,  the  VC  concentration  also 
showed  a  direct  effect  on  the  charge/discharge  behavior  of  the  cells. 
When  the  VC  concentration  increased  from  1%  to  5%,  the  first 
charge  capacity  decreased  from  466  to  430  mA  h  g-1,  while  the 
discharge  capacity  remained  at  about  345  mA  h  g_1.  This  means  the 
irreversible  capacity  decreased  with  the  VC  concentration.  In  this 
respect,  a  higher  VC  concentration  seems  to  be  a  better  choice  if 
cost  is  not  a  factor. 

However,  in  the  following  cycles,  the  situation  changed.  Fig.  3 
shows  the  cycling  performance  of  the  cells  at  25  °C.  For  compari¬ 
son,  the  data  obtained  with  1  mol  dm-3  LiPF6/MFA  electrolyte  and 
1  mol  dm3  LiPF6/EC-DMC  electrolyte,  respectively,  are  also  pre¬ 
sented.  Obviously,  capacity  faded  rapidly  with  3%  and  5%  VC-added 
MFA  electrolyte  during  prolonged  cycling.  After  50  cycles,  only  134 
and  89  mA  h  g discharge  capacities  were  obtained  with  3%  VC— 
MFA  and  5%  VC-MFA  electrolyte,  respectively.  In  contrast,  elec¬ 
trodes  in  MFA  electrolyte  with  1%  VC  showed  good  capacity 
retention  of  300  mA  h  g_1,  which  was  comparable  with  the 
344  mA  h  g_1  in  EC— DMC-based  electrolyte.  Therefore,  1%  VC  was 
the  best  condition  for  cells  working  at  25  °C 


MFA  +  VC  electrolyte  at  25  °C. 


372 


:  al.  /  Journal  of  Power  Sources  244  (2013)  369—374 


When  the  ambient  temperature  increased  to  60  °C,  the  effect  of 
VC  additives  became  more  distinguished.  Fig.  4  shows  the  variation 
of  the  charge/discharge  curves  of  C/Li  half-cells  over  the  initial  two 
cycles  in  relation  to  the  VC  concentration  at  60  °C.  With  1, 3,  and  5% 
VC  additives,  the  cells  showed  first  irreversible  capacities  of  305, 
210,  and  150  mA  h  g-1,  respectively,  which  were  much  lower  than 
the  430  mA  h  g *  1  of  MFA  electrolyte  with  no  VC  additive.  At  the 
same  time,  the  first  discharge  capacities  were  found  be  about 
365  mA  h  g-1  regardless  of  the  VC  concentration.  On  the  other 
hand,  Li  intercalation  plateaus  were  also  observed  in  the  charge/ 
discharge  curves,  as  they  were  at  25  °C.  In  addition,  the  voltage- 
reversion  phenomenon  at  around  1.3  V  as  shown  in  Fig.  1(b)  was 
mitigated  significantly  with  the  increase  in  VC  concentration.  These 
phenomena  indicated  the  formation  of  SEIs  with  good  Li  ion  con¬ 
ductivity,  especially  under  high  VC  concentration.  However,  com¬ 
pared  with  the  cells  at  25  °C,  those  at  60  °C  showed  much  larger 
irreversible  capacities.  This  difference  was  attributed  to  the  for¬ 
mation  of  thicker  SEI  at  elevated  temperature. 

As  to  the  effect  of  VC  concentration  on  cycling  performance  at 
60  °C,  it  was  found  to  be  different  from  the  situation  at  25  °C.  Fig.  5 
shows  the  dependence  of  discharge  capacity  and  cycling  efficiency 
on  cycle  number  for  cells  at  60  °C.  Data  obtained  with  MFA-based 
electrolyte  and  EC-DMC-based  electrolyte,  respectively,  are  also 
presented  for  comparison.  In  summary,  cells  with  MFA  +  VC-based 
electrolytes  showed  much  better  capacity  retention  than  those 
with  EC-DMC-based  electrolyte.  After  50  cycles,  the  cells  with 
MFA  +  3%  VC-based  electrolyte  maintained  a  reversible  capacity  of 


MFA  +  VC  electrolyte  over  the  initial  two  cycles  at  60  °C 


MFA  +  VC  electrolyte  at  60  °C. 

238  mA  h  g_1,  which  was  almost  double  the  126  mA  h  g-1  of  the 
cells  with  EC-DMC-based  electrolyte.  Nevertheless,  the  VC  con¬ 
centration  in  MFA-based  electrolyte  also  directly  affected  cycling 
performance.  Unlike  that  at  25  °C,  MFA  electrolytes  with  3  and  5% 
VC  additives  showed  rather  comparable  and  good  properties  dur¬ 
ing  prolonged  cycling.  It  could  be  deduced  from  the  tendency  of  the 
curves  that  3%  VC-added  electrolyte  might  present  a  better  capacity 
retention  capability  than  the  5%  VC-added  one.  In  comparison,  the 
electrolyte  with  1%  VC  additives  showed  less  capacity  retention. 
This  indicated  that  a  higher  VC  concentration  was  needed  for  MFA- 
based  electrolyte  at  elevated  temperature. 

Table  1  summarizes  the  discharge  capacities  of  graphite  elec¬ 
trodes  after  50  cycles  in  different  electrolytes  and  at  different 
temperatures.  The  merit  of  the  VC  additives  was  distinguished, 
especially  at  elevated  temperatures.  However,  although  the  merit  of 
VC  additives  has  been  well  reported  and  discussed,  the  negative 
effect  of  overabundant  VC  additives  needs  to  be  clarified.  As  dis¬ 
cussed  above,  1%  VC  was  the  best  condition  for  MFA-based  elec¬ 
trolyte  at  25  °C,  while  3%  VC  for  that  at  60  °C.  However,  from  the 
insets  of  Figs.  3(b)  and  5(b),  it  was  clear  that  a  higher  VC 

Table  1 

Comparison  of  capacity  retention  of  graphite  electrodes  after  50  cycles. 

Electrolyte  Discharge  capacity 

(mAhg-1) 


25  °C  60  °C 


1  mol  dm-3  LiPF6/MFA  33  42 

1  mol  dm-3  LiPF6/MFA  +  1  %  VC  300  189 

1  mol  dm-3  LiPFe/MFA  +  3%  VC  134  240 

1  mol  dm-3  LiPFs/MFA  +  5 %  VC  89  233 

1  mol  dm-3  LiPF6/EC— DMC  (1:1  vol.)  344  127 
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concentration  induced  a  faster  increase  in  cycling  efficiency  for  the 
initial  several  cycles  regardless  of  the  ambient  temperature.  Nor¬ 
mally,  high  cycling  efficiency  is  accompanied  by  good  capacity 
retention.  Obviously  we  saw  a  counterexample  here.  High  cycling 
efficiency  meant  effective  SEI  formation  on  the  graphite  electrode 
surface  such  that  further  electrolyte  decomposition  was  prevented. 
So  it  could  be  deduced  that,  with  higher  VC  concentration,  thicker 
and/or  denser  SEI  was  formed  because  more  VC  was  electro- 
chemically  decomposed.  But  when  overabundant  VC  was  used,  the 
formed  SEI  became  too  thick  and/or  dense,  and  then  the  Li  ion 
transfer  through  the  SEI  was  blocked,  thus  inducing  capacity  fading. 
At  elevated  temperature,  the  penetration  depth  of  solvent  mole¬ 
cules  increased,  so  thicker  and/or  denser  SEI  was  needed.  And  the 
simultaneous  increase  in  the  transfer  activity  of  Li  ions  overcame 
the  SEI  resistance  barrier.  This  was  the  reason  why  the  best  VC 


electrode;  (b)  is  the  DSC  ct 
electrolyte.  Solid  lines  are  fi 
5%  VC. 


concentration  for  the  electrolyte  differed  depending  on  the  work¬ 
ing  temperature. 

As  an  MFA-based  electrolyte  was  introduced  as  a  kind  of  ther¬ 
mally  stable  electrolyte,  the  effects  of  organic  additives  on  the 
thermal  stability  of  the  electrolyte  were  of  concern  for  its  practical 
application.  Therefore,  DSC  measurements  were  carried  out  to 
study  the  thermal  behavior  of  the  electrolytes  coexisting  with 
lithiated  electrodes.  Fig.  6  compares  the  DSC  curves  of  the  mixture 
of  lithiated  graphite  and  MFA-based  electrolyte  with  1, 3,  and  5%  VC 
additives.  Two  series  comparisons  were  carried  out.  One  was  to 
increase  the  amount  of  electrode  from  0.5  to  4.0  mg  while  the 
coexisting  electrolyte  was  fixed  at  1  pi.  The  other  was  to  increase 
the  amount  of  electrolyte  from  0.5  to  4.0  pi  while  the  coexisting 
electrode  was  fixed  at  1  mg.  In  both  series  data,  when  the  amounts 
of  coexisting  electrode  and  electrolyte  were  the  same,  the  DSC 
curves  for  the  mixtures  showed  high  similarity  regardless  of  the  VC 
concentration  in  the  electrolyte.  This  indicated  that  the  thermal 
reactions  in  the  mixture  at  elevated  temperature  were  slightly 
affected  by  the  VC  concentration  in  the  electrolyte.  On  the  other 
hand,  the  exothermic  peak  intensities  in  the  DSC  curves  were  found 
to  have  some  relationship  with  the  VC  concentration.  A  higher  VC 
concentration  could  cause  larger  heat  generation,  especially  when 
the  lithiated  graphite  or  electrolyte  was  overabundant. 

To  evaluate  the  thermal  stability  of  MFA-based  electrolyte,  the 
DSC  curves  for  mixtures  of  lithiated  graphite  electrodes  with  MFA- 
based  electrolytes  and  1  mol  dm~3  LiPFe/EC— DMC  electrolyte  are 
compared  as  shown  in  Fig.  7.  It  was  known  from  Fig.  6  that  the 
thermal  behavior  of  the  mixture  containing  overabundant  elec¬ 
trode  was  sensitive  to  the  electrolyte  component.  Therefore,  for  the 
MFA-based  electrolyte,  a  mixture  of  4.0  mg  lithiated  graphite  and 
1  pi  electrolyte  was  selected  for  comparison.  Except  for  the  EC— 
DMC-based  electrolyte,  due  to  a  drastic  exothermic  heat  genera¬ 
tion,  only  2.5  mg  lithiated  graphite  was  mixed  with  1  pi  electrolyte. 
Despite  this,  the  mixture  containing  1  mol  dm-3  LiPFe/EC— DMC 
electrolyte  showed  much  more  heat  generation  and  lower  onset 
temperature  than  the  mixtures  containing  MFA-based  electrolytes 
with  or  without  VC  additives.  So  it  was  clear  that  MFA-based 
electrolyte  has  much  better  thermal  stability  than  EC-DMC- 
based  electrolyte.  Considering  the  similar  thermal  stability  for 
alkyl  carbonate-based  electrolytes,  MFA  +  VC-based  electrolyte  is 
a  potential  substitute  for  the  existing  electrolyte. 

To  investigate  the  effect  of  VC  concentration  on  the  SEI  com¬ 
ponent,  TG-MS  measurements  were  carried  out  on  the  delithiated 
electrodes  after  two  cycles.  For  all  delithiated  graphite  electrodes 
cycled  in  MFA  electrolyte  with  different  VC  concentrations,  CO2  and 
CO  were  found  to  be  the  main  components  of  gas  species  during 


DSC  time  (min) 


Fig.  7.  Comparison  of  the  heat  generation  from  the  mixtures  of  lithiated  graphite  and 
different  electrolytes. 
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Temperature  (°C) 


Fig.  8.  Variation  of  the  mass  signals  from  SEI  formed  with  different  VC  concentration  in  MFA-based  electrolyte. 


TG-MS  analysis.  Besides,  a  functional  group  -CHO  was  also  found 
to  be  sensitive  to  VC  concentration.  No  fluorine-contained  gas 
species  were  detected.  Fig.  8  shows  the  m/z  =  44,  28,  and  29  mass 
signals  for  the  delithiated  graphite  electrode  powder  obtained  with 
different  VC  concentrations.  The  results  were  related  mainly  to  CO2, 
CO,  and  -CHO,  respectively.  For  the  signal  of  m/z  =  44,  two  peaks 
were  detected,  at  230  and  425  °C.  As  increased  with  VC  concen¬ 
tration  rapidly,  the  former  peak  might  be  attributed  to  the  VC 
reduction  products,  such  as  -OC02Li-containing  polymeric  com¬ 
ponent  [24],  because  of  the  preferential  reduction  of  VC  before  MFA 
during  SEI  formation  [15].  In  contrast,  the  peak  at  425  °C  showed 
rather  constant  intensity  regardless  of  VC  concentration,  so  the 
MFA  reduction  product  was  thought  to  contribute  to  this  peak,  such 
as  CHF2COOLi  [13]  or  its  possible  further  reduction  product,  Li2C204 
[27],  As  to  the  CO  signal,  because  it  appeared  at  more  than  600  °C,  it 
should  be  attributed  to  a  final  decomposition  of  all  SEI  components. 
On  the  other  hand,  the  signal  of  m/z  =  29  was  distributed  in  a  wide 
temperature  range  and  showed  sensitivity  to  VC  concentration,  so 
it  might  be  utilized  as  an  SEI  component  sensor.  Although  the 
mechanism  underlying  each  -CHO  peak  was  not  clarified,  it  was 
clear  that  the  SEIs  formed  with  3  and  5%  had  quite  similar  com¬ 
ponents.  This  hypothesis  is  supported  by  the  C02  and  CO  signals. 


4.  Conclusion 

A  LiPF6/MFA  solution  has  been  studied  as  a  potential  candidate 
for  safer  electrolyte  for  Li-ion  batteries.  Half-cells  with  natural 
graphite  as  working  electrodes  were  used  to  study  the  electro¬ 
chemical  characteristics  of  the  MFA-based  electrolyte.  Because  of 
the  poor  properties  of  the  SEI  that  formed  on  the  negative  elec¬ 
trodes,  the  cells  with  LiPF6/MFA  electrolyte  with  no  additives 
showed  very  large  irreversible  capacity  and  poor  cycling  perfor¬ 
mance,  especially  at  elevated  temperature.  So  1,  3,  and  5  vol.%  VC 
was  applied  as  SEI  modification  additive  in  the  electrolyte.  The 
effects  of  VC  concentration  on  the  electrochemical  properties  of 
graphite/Li  half-cell  were  investigated  at  25  and  60  °C.  At  25  °C,  the 
graphite  electrode  in  MFA  +1%  VC-based  electrolyte  showed  good 
capacity  retention  of  300  mA  h  g  1  after  50  cycles,  which  was 
comparable  with  that  in  EC— DMC-based  electrolyte;  at  60  °C,  the 
electrode  in  MFA  +  3%  VC-based  electrolyte  showed  capacity 
retention  of  240  mA  h  g-1  after  50  cycles,  which  was  much  better 
than  that  in  EC-DMC-based  electrolyte.  On  the  other  hand,  over¬ 
abundant  VC  additives  showed  a  negative  effect  on  the  cells 
because  of  the  formation  of  too-thick  and/or  too-dense  SEI.  DSC 
measurements  were  carried  out  to  study  the  thermal  behavior  of 


MFA-based  electrolyte  coexisting  with  lithiated  graphite.  VC- 
containing  MFA-based  electrolyte  still  showed  much  better  ther¬ 
mal  stability  than  EC-DMC-based  electrolyte,  although  an  increase 
in  exothermic  heat  was  observed  with  the  increase  in  VC  concen¬ 
tration.  To  discuss  the  effect  of  VC  on  SEI  formation,  TG-MS  anal¬ 
ysis  was  performed  on  delithiated  graphite  cycled  in  MFA-based 
electrolyte  containing  different  VC  concentrations.  The  SEIs  formed 
with  3  and  5%  VC  showed  similar  components.  In  summary,  VC- 
added  MFA-based  electrolyte  is  a  promising  candidate  for  the 
development  of  safer  Li-ion  batteries,  especially  at  elevated 
temperature. 
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